Petroleum is an important fossil fuel that results from the decomposition of organic matter stored in sediments. Most petroleum reservoirs produce simultaneously oil and gas, which flow up to the surface through oil wells. Different amounts of gas are produced in different reservoirs depending on their characteristics. For some purposes, a single-phase model can describe the oil behavior quite well even in two-phase flow phenomena. In the present work, the influence of gas volume fraction on the flow patterns of biphasic mixtures comprising heavy oil and natural gas was investigated. The pressure drop and fully developed oil velocity profile were analyzed by numerical simulations, which were performed using the commercial software Ansys CFX 13.0. The governing equations were written in cylindrical coordinates and solved by the finite volume method. The numerical results for the oil velocity profile were compared with a single-phase model. The results show that the single-phase flow can be properly applied to describe the characteristics of oil velocity profiles in the presence of gas, in cases where the gas volume fraction is lower than 20 %. For 25 % of gas, a discrepant behavior could be noted . The pressure drop data were compared with theoretical results considering the mixture density. The maximum error in percentage between numerical and theoretical results for pressure drop was less than 2 %.
INTRODUCTION
The vertical flow in oil wells is an important stage for petroleum production. In general, this flow involves two phases (gas and oil), since they are simultaneously produced in most petroleum reservoirs ( Appropriate studies on petroleum flow in oil wells provide information about the influence of gas volume fraction on the pressure drop and fully developed velocity profile.
The petroleum flow can be studied using analytical, experimental or numerical methods. In general, analytical methods are applicable for simpler problems. Experimental methods resort to original configurations. However, their application is complicated for safety, time and cost reasons The objective of the present work is to investigate the influence of gas volume fraction on the pressure drop and oil velocity on the two-phase flow of heavy oil and natural gas by numerical simulations, which were performed using the commercial software Ansys CFX 13.0. The governing equations were solved by finite volume method.
METHODOLOGY
Due to its cylindrical geometry, the region of oil well was considered as a vertical pipe with radius R= 0.09m and length L = 10m, as shown in Figure 1. 
Governing equations
A mathematical model based solely on conservation of mass and momentum was proposed considering the following hypotheses: isothermal and incompressible flow, steady-state, gravitational effect, tridimensional domain on the cylindrical coordinates system, constant physicalchemical properties, and without chemical reactions. The conservation of energy equation was not used because it was assumed that temperature variation is very small due to the extent of domain under analysis. Similarly, the porosity the oil reservoir was considered negligible. Non-drag forces were not considered in this work.
For modeling, a dispersed flow using an Eulerian-Eulerian approach was adopted, where the gas was considered as the dispersed-phase. The main governing equations which represent this model are given by Equations 1 and 2 (Marinho, 2012):
which represent conservation of mass and momentum, respectively. The term 
where CD is the drag coefficient and Aαβ is the interfacial area density. Aαβ can be calculated as a function of volume fraction of the dispersed phase rβ and particle diameter dβ, as shown in Equation 4 (Marinho, 2012):
Geometry and mesh generation
The geometry and the numerical mesh, which is comprised of about 150,000 hexahedral elements, were generated using the Ansys ICEM CFD commercial software. The geometry is constituted of an inlet, an outlet and a wall. Figure 2 shows the outlet as a numerical mesh. Table 1 presents the boundary conditions used in the simulations. Under no-slip condition, the relative velocity between the fluids and the wall is 0 m/s.
Boundary conditions
In all cases a root mean square (RMS) equal to 10 -6 was used as a convergence criterion. The drag coefficient (CD) was 0.44, and particle diameter of dispersed gas phase (dβ) was 2.0x10 -3 m. Table 2 presents all the cases analyzed in this work and Table 3 shows the physical properties used in each simulation.
Evaluated cases

Calculation of theoretical results
The numerical results for pressure drop and oil velocity profile were compared with theoretical results in each case. In order to obtain the pressure drop analytically, Equation 5 where L = zf -zi since the oil well is vertical. The Reynolds number (Re) was calculated using Equation 6 In Equations 5 and 6, ρ = ραβ represents the mixture density, V = Vo represents the oil velocity (Table 1 ) and μ is the oil viscosity (Table 3 ). The mixture density was calculated with Equation 7 (Marinho, 2012):
From the value of the Reynolds number, it was established that the flow is laminar. For this regime flow, the friction factor f is calculated as a function of the Reynolds number using Equation 8 
RESULTS AND DISCUSSION
The numerical results for the fully developed velocity profile are presented in Figure 3 . They can be compared with the oil velocity profile obtained analytically for single-phase flow (theory). The comparison was done at z = le = 3.70 m obtained with Equation 10. Figure 3 shows that the oil velocity at the wall is 0 m/s for all numerical cases analyzed due to the no-slip condition assumed. The same result was obtained analytically by solving Equation 9 for u at r = R. At the centerline, it can be noted that the velocity increases with increasing gas fraction. An increase in the gas volume fraction reduces the mixture density, thereby allowing the oil to flow more quickly.
Up to 20 % of gas volume fraction, the fully developed velocity profiles obtained numerically behave similarly to the results predicted in theory for the single-phase flow. However, case 5 (25 % of gas fraction) is the only one that deviates significantly from the profile obtained by Equation 9. Probably, the modeling for case 5 could not be suitable. Non-drag forces such as lift, virtual mass and wall lubrication forces, which were not considered for this work, could be important to describe properly the characteristics of oil velocity in the presence of more than 20 % of gas. In addition, the mixture model could be more adequate for particle-laden flows in which the dispersed-phase volume fraction exceeds 10 % 13.0, 2011) . On the other hand, Equation 9 could not describe properly the oil velocity profile since it is only suitable for singlephase flow. Table 4 shows the numerical results for the oil velocity at the centerline. The deviation in percentage was calculated based on theoretical results by solving Equation 9 for u at r = 0 m, obtaining u = 2 m/s for the oil velocity at the centerline considering single-phase flow. The deviation obtained between theoretical and numerical results for the oil velocity at the centerline ranged from 1.65 % (case 1) to 40.56 % (case 5).
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Numerical and theoretical results for the pressure drop are presented in Table 4 . When the gas volume fraction increases, it can be noted that the pressure drop decreases because the mixture becomes less dense and less viscous. All numerical results for pressure drop were similar to those obtained using Equation 5.
CONCLUSIONS
From the results obtained with these simulations, it could be concluded that fully developed velocity profile for single-phase flow can be properly used to describe the characteristics of the oil velocity profiles in the presence of gas, in cases where the gas volume fraction is lower than 20%, for which the deviations in percentage between the numerical and theoretical values of oil velocity in the centerline are as low as 15%.
It was possible to note that an increase in gas fraction increases the oil velocity at the centerline. However, the numerical results for the oil velocity were affected negatively when a gas volume fraction of 25 % is used (Case 5), in that poor correlation between theoretical and simulation data was observed. Therefore, the same equation should not be used in this case.
An increase in the gas volume fraction reduces the pressure drop, since the mixture becomes less dense and less viscous. All numerical results for pressure drop were similar to the theoretical results, with a maximum percentage error lower than 2 %.
Although the calculations for the two-phase flow are generally more complex, since it can present several flow patterns, this study showed that less complex equations could provide good approximations for the pressure drop and the oil velocity profile. It is important to highlight that, depending on flow rates, physical properties of the fluids and the geometry of the analyzed domain, it could be necessary to resort to other formulations.
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